During the melt season, absorbed solar energy, modulated at the surface predominantly by albedo, is the governing factor controlling surface-melt variability for glaciers in Iceland. Using MODIS satellite-derived daily surface albedo, a gap-filled temporally continuous albedo product is derived for the melt season (MJJA) for the period 2000-2019. The albedo data are thoroughly validated against available in-situ observations from 20 glacier automatic weather stations for the period 2000-5 2018. The results show that spatio-temporal patterns for the melt season have generally high annual and inter-annual variability for Icelandic glaciers, ranging from high fresh-snow albedo of about 85-90% in spring, decreasing to 5-10% in the impurityrich bare-ice area during peak melt season. The analysis shows that the volcanic eruptions in 2010 and 2011 had significant impact on albedo and also had a residual effect in the following years. Furthermore, airborne dust, from unstable sandy surfaces close to the glaciers, is shown to enhance radiative forcing and decrease albedo. A significant positive albedo trend is observed 10 for northern Vatnajökull while other glaciers have non-significant trends for the study period. The results indicate that the high variability in albedo for Icelandic glaciers is driven by climatology, i.e. snow metamorphosis; tephra fall-out during volcanic eruptions and their residual effects in the post-eruption years; and dust loading from widespread unstable sandy surfaces outside the glaciers. This illustrates the challenges in albedo parametrization for glacier surface-melt modelling for Icelandic glaciers as albedo development is driven by various complex phenomena, which may not be correctly captured in conventional 15 energy-balance models.
of the glaciers for further analysis. These delineated areas are annotated with underlined text (e.g. NW for northwest). In total, 28 areas are processed, including the sub-areas, but small mountain glaciers in northern Iceland were merged into one processing unit. Available glacier automated weather stations are shown with grey dots. Further details of these stations are given in Table 1 . A shaded relief representation of a glacier DEM is from Jóhannesson et al. (2013) and catchment delineation from Magnússon et al. (2016) , for Drangajökull, Björnsson (1988) and (Björnsson et al., 2000) for Hofsjökull and Mýrdalsjökull, and Pálsson et al. (2013 Pálsson et al. ( , 2016 for Langjökull and Vatnajökull. material type.
The aim of this study was to create a gap-filled MODIS-based surface-albedo product for glaciers in Iceland for the time period from 2000 to 2019, validated with in-situ data. The resulting gap-filled product was then used to analyse and quantify, spatio-temporal patterns of albedo for Icelandic glaciers for the time period. 95 2 Data and Methods Figure 1 shows the location map of Icelandic glaciers used in the study. These are glaciers that were at least 2 km 2 or eight unmixed MODIS pixels. For the larger glaciers, Vatnajökull, Langjökull, Hofsjökull, Mýrdalsjökull and Drangajökull, smaller areas were defined to represent the main ice flow basins of the glaciers for more detailed analysis. (Konzelmann and Ohmura, 1995; Box et al., 2012) .
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Cloud cover is known to be a major challenge in optical remote sensing of the Earth surface, especially for snow-and ice-covered surfaces (Davaze et al., 2018; Gunnarsson et al., 2019) . Various methods exist to differentiate between clouds and snow-and ice covered surfaces (Ackerman et al., 1998; Sirguey, 2009) values that were within a certain threshold from the median were not rejected. The outlier thresholds were manually adjusted mostly related to the elevation of the glaciers, ranging from 1 -4%, for higher to lower elevation, respectively.
Finally, after temporal aggregation, outlier removal and statistical filtering, the still remaining unclassified pixels were classified statistically with four predicting variables, location (easting, northing), elevation (Z) and aspect with a daily trained 185 random forrest model (Matlab, 2017) . Topographic and masking data for ice-covered surfaces were obtained from the National and aspect. The final output, a daily gap-filled albedo grid, which was used for further processing, is hereafter refereed to as MCD11.
For MCD43A3 multi-look data to be comparable with GAWS data, the blue sky albedo was calculated as the average between the black-sky albedo and the white-sky albedo tiles in the product, assuming a constant fraction of diffuse illumination as done 200 by Möller et al. (2014) and Gascoin et al. (2017) in previous studies at Icelandic glaciers. For cloud cover estimations, daily valid pixels in MOD10A1 (AM overpass) and MYD10A1 (PM overpass) were merged to a single daily product, representing average daily cloud cover. where part of an active glacier but might in 2019 be dead ice or land.
3 Results and discussion
MODIS albedo validation
The MODIS albedo data was validated by a pixel-based comparison, i.e. the nearest pixel to the GAWS station locations 215 was extracted to a time series. In total 20 GAWS sites have SW↓ and SW↑, enabling albedo calculations during the period 2000-2019 spanning elevations from 100 to 1850 m a.s.l., ensuring validation data over a wide elevation range at Vatnajökull, Hofsjökull, Langjökull and Mýrdalsjökull. Months with less than 26 days of GAWS data were excluded from the comparison and daily averages were not calculated unless 22 hours of data within a day were available. MODIS provides only albedo estimation for clear sky conditions. 220 Figure 2 shows the comparison results for May, June, July and August for MCD11. Overall good visual and statistical agreement is found between the MODIS MCD11 data and the in-situ albedo from GAWS observations. For the whole period from May-August, the RMS error is 7.2 with an R 2 of 0.9. The GAWS observation network captures a wide range of melt-season variability of albedo ranging from 6-90% which is well captured with the MODIS MCD11 product as demonstrated with 225 the overall high correlation coefficients. Based on linear regression (red lines in Figure 2 ) for all months, albedo was slightly underestimated for higher values (albedo > ∼55) and slightly overestimated at lower values by the MODIS MCD11 product.
Various reasons could contribute to these differences, such as sensor accuracy and instrument installation configuration (i.e. tilting, riming on the sensor dome). In the ablation zone, where the lowest albedo values were observed, high melt rates (surface lowering of 3-7 m) can contribute to progressing tilting of the instruments over the ablation period. Large sand and tephra-230 covered areas have been observed in the instrument footprint during field visits, as well as melt channels and small melt water ponds offsetting the spectral properties of the surface compared with the spectral response of snow and ice, inducing errors in the comparison between in-situ and remotely-sensed albedo. The temporal aggregation of the remotely-sensed data includes a dampening effect on the MCD11 data compared to the GAWS observations, which could possibly partially explain outliers in July and August when the in-situ observations are higher than the MCD11. Extensive snowfall events, occurring under cloud 235 cover and limiting accurate data retrievals by the satellites, will lead to albedo that is not correctly represented in the MCD11 reconstruction due to the 11 day temporal aggregation. Table 2 shows a comparison of MCD11 with other albedo products from MODIS, i.e. MOD10A1, MYD10A1 and MCD43A3.
In most cases, the MCD11 product had lower RMS errors and higher correlation coefficients indicating the success in removing 240 spurious values such as misclassified clouds, image stripes and other artifacts in the original MODIS products. No correlation was found between RMS error and GAWS location (elevation or glacier/location). No adjustments or calibrations are applied to the MCD11 product in the further use in this study. Table B1 shows validation results for individual stations for MOD10A1, MYD10A1, MCD43A3 and MCD11.
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The comparison presented here is in fact similar to previous work on Icelandic glaciers by Gascoin et al. (2017) where the MCD43A3 was evaluated with RMS errors ranging from 8-21%. Various studies in Greenland using in-situ AWS report lower RMS errors, ranging from 2.8-5.4% on a monthly basis for MOD10A1 using 17 stations for validation by Box et al. (2012) and a total RMSE of 6.7% in a study by Stroeve et al. (2013) using MCD43A3 high quality retrievals. It is important to consider how representative point-based in-situ observations are (observing ∼120-180 m 2 (Kipp and Zonen, 2019)), compared with the 250 spatial footprint of the MODIS data (0.25 km 2 ), especially in glaciated areas with high spatial albedo variability and MODIS sub-pixel variability as is observed in the bare-ice areas of the Icelandic glaciers. Sub-pixel variability has been investigated by Reijmer et al. (1999) and Gascoin et al. (2017) for the Icelandic glaciers indicating high sub-pixel albedo variability.
Gap-filled albedo
255 Figure 3 shows the average cloud cover for the main Icelandic glaciers from April to October, based on daily MODIS data from AQUA and TERRA. This highlights the challenges for optical satellite remote sensing in Iceland due to cloud obscurity problems. The average cloud cover for glaciers was 73.8% for MJJA and slightly higher for AMJJAS, or 74.4%. Monthly variability within the melt season was low with the highest values seen in April, July and September (78, 76 and 75%, respectively) and The average daily cloud cover in MOD10A1 data was 79% and slightly lower for MYD10A1, or 78% based on data from 
Annual and inter-annual variability of albedo
Inter-annual albedo variations for Icelandic glaciers were generally high. Figure 4 shows spatial patterns for melt-season mean albedo for the investigated glaciers for the period from 2000-2019 (MJJA). The lowest albedo values (<35%) were found in 285 bare-ice areas where the winter snow cover generally is completely ablated during summer revealing dirty and impurity-rich bare ice. Higher albedo values (> 45-50%) were found in the accumulation areas associated with higher elevations and a shorter period of positive surface-energy balance during the melt season. Figure 5 shows the average albedo distribution and relations to elevation in 100 m bands for the six largest ice caps and their sub-areas defined in Fig.1 . Above 1500 m a.s.l. at Vatnajökull there were limited regional variability while more distinctive 290 patterns were seen between the northern (NW and NE) and southern parts, especially in the southeast at lower elevations. In the southeast, the elevation of the glacier ranges all the way down to sea level while the glacier terminus was at a much higher elevation in the north (600-700 m a.s.l.). The average-albedo-elevation relationship for Vatnajökull, exhibits three elevation gradients. For elevations below 700 m a.s.l. the linear albedo gradient was ∼2.3%/100 m, ∼5.1%/100 m between 700-1300 and ∼0.5%/100 m for elevations above 1300 m. For Hofsjökull, the albedo was generally lower in the southeast than in the 295 northern and southwest parts, the average albedo elevation gradient below 1400 m a.s.l. was 4%/100 m and 1.5%/100 m above 1400 m a.s.l. For Langjökull, the south and northeast areas had overall lower average albedo values compared with the northwestern part of the glacier. At Langjökull, the albedo elevation gradient was 3.5%/100 m for the whole elevation range which was similar as for elevations below 1400 m a.s.l. at Hofsjökull, but note the start of a change towards a lower gradient at the higher elevations. The northwest part of Mýrdalsjökull had generally higher albedo compared to the southern part. The albedo 300 gradient is 3%/100 m while for the whole elevation range. Distinctive patterns were observed for the eastern and southern part of Drangajökull with lower average values for the south region. A very strong east/south cloud cover gradient was as well observed at Drangajökull (Fig. 3 ) that could explain these differences, indicating that less SW↓ reaches the surface accelerating the snow metamorphism and resulting in lower albedo. The average albedo elevation gradient was 3.0%/100 m for Drangajökull and 2.7%/100 m for Eyjafjallajökull. In general, the southern parts of the main ice caps had lower albedo. This 305 was most likely controlled or strongly influenced by orographic generation of precipitation in the dominating SE-SW wind providing more energy from rain and warmer temperatures at the surface, accelerating the snow metamorphism (Einarsson, 1984; Crochet et al., 2007; Björnsson et al., 2018) . and Torfajökull, which all cluster together at the south coast of Iceland (Fig 1, box M) . They were also all close to widespread 320 unstable sandy surfaces subject to frequent high-velocity winds, driving numerous wind erosion events and dust production.
These unstable erosive surfaces do not sustain seasonal snow cover far into the spring and summer, making them accessible for erosion earlier in the spring than similar areas in the north and east highlands near to Langjökull, Hofsjökull and Vatnajökull.
These glaciers were relatively small as well, indicating that dust producing events can influence larger areas of the glaciers with dust deposits. Following these glaciers on the south coast were smaller glaciers, with the exception of northwest Langjökull, On the temporal scale, various events influencing the melt-season mean albedo were observed in Fig. 7 . For the south coast glaciers (Fig 1, box M in August. In the fall, seasonal weather patterns in Iceland shift with lowering temperatures and an increase in precipitation following shorter days due to a gradual increase in solar zenith angles (Einarsson, 1984; Hanna et al., 2004; Björnsson et al., 2007; Björnsson et al., 2018) . Frequently in the latter half of August and beginning of September, the first snowfall is observed to increase albedo with fresh highly reflective snow. It was not uncommon to see the albedo lower again after the first snowfall due to liquid precipitation or other events that melt the fresh snow cover over the bare glacier ice. This affects the variance of 8 shows the development of albedo in 2015 as the highest average values for the study period.
370 Figure 9 shows the spatial distribution of seasonal average albedo as anomalies from the mean. Blue colors represent anomalies above the mean, i.e. higher albedo values while red areas represent values below the mean. Decisive negative patterns were observed in 2010 and 2011. These relate to the volcanic eruptions in Eyjafjallajökull (2010) and Grímsvötn (2011) as tephra dispersal from explosive eruptions produces high volumes of airborne tephra (Gudmundsson et al., 1997; Guðmundsson et al., 2012; Tesche et al., 2012; Liu et al., 2014) . Airborne tephra can be transported by high plumes that can extend several kilo-375 metres into the atmosphere and be transported great distances, up to several hundred kilometers (Guðmundsson et al., 2012; Watson et al., 2016) . Tephra dispersal and fallout patterns from explosive eruptions depend on multiple factors, including plume simulate atmospheric dust dispersion and deposition on the glacier surface. The main conclusion was that the influence of dust on albedo could lead up to 40% melt increase which confirms the influence of these events on seasonal glacier melt.
385
Another influencing factor for negative albedo anomalies was dust, sand and other Light Absorbing Particles (LAP) transported from the proglacial areas and sandy deserts which cover more than 22% of Iceland (Arnalds et al., 2016; Wittmann et al., 2017a) . Plume shape patterns could be identified especially for the northern part of Vatnajökull indicating airborne LAP deposits on the glacier surface. As an example, in 2001, 2003, 2007, 2008 and 2013 , such patterns were observed in the northern part of Vatnajökull (Brúarjökull glacier outlet) extending from the Kverkfjöll mountain range high in the accumulation 390 area as local negative albedo anomalies. These were unlikely to be linked to local climatology resulting in such distinctive anomalies as such events or dominating patterns would influence larger areas. In 2014-15, the lava flow field of the Holuhraun non-explosive eruption covered about 84 km 2 of volcaniclastic sandy desert and proglacial areas north of Vatnajökull. Since then, similar plume shaped albedo anomalies were not observed in the data. It is probable that the extent of the lava flow field reduces the dust production of this area significantly, although this cannot be quantified at this point in time, more data over 395 a range of climatologies are needed to fully understand the impact of the Holuhraun eruption on dust production. Figure 9 also shows an interesting anomaly pattern for 2019. All the major ice caps had largely negative anomalies driven by dust and mineral deposits with an early onset in the spring. The events leading up to these anomalies have already been discussed above.
In 2000, large negative anomalies were seen in Dyngjujökull and Brúarjökull (Northern Vatnajökull). These are unlikely linked at Hofsjökull, for most of the extent of Drangajökull, in the northern area of Mýrdalsjökull and distributed parts of Langjökull with the exception of Eyjafjallajökull, suggesting a trend towards either increased snowfall or increased snow melt at these glacier outlets. As a melt-season average trend (Fig. 10 ) these positive trends are only significant in the ablation area in the northern part while negative trends were identified at many glacier termini, due to the steady glacier retreat in the past decades, 415 reduction in the duration of snow cover over low-albedo bare ice while for the accumulation area in southwest Vatnajökull, the trend is strongly controlled by volcanic ash fallout in 2010 and 2011. where data were available for MOD10A1, MYD10A1, MCD43 and MCD11 data products.
Trends of albedo

